Abstract: A broadband amplified spontaneous emission (ASE) generation in 1880-nm region is demonstrated by employing a newly developed single-mode Tm-Bi codoped fiber (TBF) in conjunction with 793-nm pumping for the first time. The TBF was obtained by drawing a preform, which was fabricated using a deposition of porous layer by the modified chemical vapor deposition (MCVD) process in conjunction with solution doping technique. The highest Bi 3þ and Tm 3þ concentrations of 0.35 wt.% and 0.9 wt.%, respectively, were successfully achieved to generate ASE centered at 1880-nm region. The ASE peaked at À47.2 dBm with 3-dB spectral width ranging from 1817 to 1984 nm with 1.0-m-long TBF and 200-mW 793-nm pump power, which was generated due to the transition of thulium ions from 3 F 4 to 3 H 6 with some assistance from bismuth to thulium ion energy transfer. The use of a secondary pump of 1550 nm is also shown to improve the ASE generation.
Introduction
Fiber amplified spontaneous emission (ASE) light has a broadband spectrum and can be thus used as a broadband light sources. It is developed using the emission characteristics, which depend on the energy structure of dopant ions in the glass host and pumping wavelength. The pump laser energizes the dopant ions so that spontaneously emitted light from one ion propagates along the fiber where it is amplified by the gain properties of the fiber and emitted as the ASE. Light is emitted in both forward and backward directions, relative to pump direction, but the backward ASE, or counter-pumped direction, has a higher quantum efficiency and is normally selected as the source output. Unlike lasers, ASE sources do not rely on optical feedback, and thus, the full-width half-maximum (FWHM) bandwidth of the backward ASE is generally very broad, typically greater than 10 nm. The most common fiber ASE source comprises a single-mode pump that energizes a length of Er-doped singlemode silica fiber, typically in tens of meter, to emit at 1550 nm [1] , [2] . Recently, ASE sources operating around mid infrared spectral region have gained tremendous interest for possible applications in spectroscopy, gas sensing, low-coherence interferometer, and medical imaging via optical coherence tomography. Currently, commercial light-emitting diodes (LEDs) and semiconductor lasers operating in mid-infrared region are normally used for these applications. However, the main drawbacks of these sources are its stability, which is strongly dependent on temperature, high coupling loss when connected to standard single mode fibers, and fabrication cost.
Thulium and thulium-holmium doped fibers have been demonstrated to be prospective candidates for laser systems operating at around 1900 nm [3] , [4] . thulium fiber has a broad ASE between 1650 nm and 2100 nm from transition of 3 F 4 ! 3 H 6 and is therefore suitable to be a broadband ASE source. In this paper, ASE generation in the 1900-nm waveband is demonstrated using a Tm-Bi codoped fiber (TBF) as a gain medium for the first time. The TBF is obtained by drawing a preform, which was fabricated using a deposition of porous layer by the modified chemical vapor deposition (MCVD) process in conjunction with solution doping technique.
Fabrication and Characterization of Tm-Bi Codoped Optical Fiber
The Tm and Bi codoped lithium-alumino-germano-silicate (LAGS) core glass optical preform was fabricated by the MCVD process, followed by solution doping technique. A pure silica glass tube with outer/inner diameter of 20/17 mm was used for deposition of a single porous unsintered SiO 2 -GeO 2 soot layer to make the preform while maintaining a suitable deposition temperature at around 1420 C-1475 C with the help of a single-wavelength online IR Pyrometer with an accuracy of AE5 C. Before the deposition of the unsintered layer, the outer diameter of the tube was reduced to 15 mm by using a standard collapsing technique at a temperature around 2180 C. This step reduced the inner surface of the tube as well, and thus, it helped reduce the loss of bismuth glass due to the thermal decomposition reaction of Bi 2 O 3 at the time of collapsing. It is reported that Bi 2 O 3 molecules are converted to volatile BiO and move out of the deposited core layer during sintering and collapsing [5] . Then, an alcoholic solution of TmCl 3 , BiðNO 3 Þ 3 , AlðNO 3 Þ 3 , LiNO 3 , and 5$% HNO 3 was used to soak the porous layer with for about 45 min to achieve efficient doping. After the completion of solution soaking, dehydration and oxidation processes were performed at temperature around 900 C-1000 C. Sintering of unsintered layers was carried out using the conventional MCVD technique by slowly increasing the temperature from 1500 C to 2000 C. Following the completion of sintering as well as oxidation, the tube was slowly collapsed to transform it into optical preform. The fabricated preform was then drawn at temperature of 2050 C into a spool of optical bare fiber before it was coated with a low refractive index (1.379) polymer resin.
Three TBF samples (TB-a, TB-b, and TB-c) were fabricated for the broadband ASE generation at 1900-nm region. The cross-sectional view of one of the TBF sample (TB-a) is shown in Fig. 1 . As shown in the figure, it has a circular cladding with the core and cladding diameters of 6.90 m and 124.75 m, respectively. The distribution pattern of dopants inside the core of the fiber is also investigated for all samples. Fig. 2 shows the distribution plot obtained from the electron probe microscopic analysis (EPMA) for TB-a. As shown in Fig. 2 , the dopant concentrations (in wt.%) and compositions inside the core for TB-a are 0.15 Bi 2 O 3 , 0.3 Tm 2 O 3 , 1.0 Al 2 O 3 , and 12.0 GeO 2 , which correspond to Bi and Tm ratio (Bi:Tm) of 1 : 2. The profile of the fabricated preform was also analyzed by a preform analyzer (PKL 2600, Photon Kinetics, USA), and the generated refractive index profile is shown in Fig. 3 . From the profile plot, the RI difference between the core and cladding can be obtained to calculate the numerical aperture (NA) of the fabricated fiber. The characteristic details of the three samples are summarized in in Table 1 .
ASE Characteristics
The proposed ASE source consists of a piece of 1-m-long TBF sample, which is forward pumped by a 793-nm laser diode at 200-mW pump power. In the experiment, 793-nm pump laser was used because it operates at one of the most efficient Tm 3þ and Bi 3þ absorption wavelength. Furthermore, it is easily available and cheap. The ASE emission was investigated for three different fabricated samples, as shown in Fig. 4 . As seen in the figure, all three fibers emit broadband ASE at 1880-nm region. This is attributed to the 973-nm pumping, which excites both Tm 3þ and Bi 3þ from the ground Another peak observed at 2050-nm region is the third-order generation light from the 793-nm laser diode. As shown in Fig. 4 , TB-b exhibits the ASE power with the highest output peak of À47.2 dBm centered at 1880-nm region. The peak ASE powers of TB-c and TB-a are obtained at À51.3 dBm and À58.3 dBm, respectively. This is attributed to the gain medium of TB-b, which has the highest Tm 3þ and Bi 3þ concentrations compared with other samples. Using TB-b, the 3-dB bandwidth of the ASE spectrum covers from 1817 nm to 1984 nm, while 10-dB bandwidth covers from 1769 nm to 2078 nm, as depicted in Fig. 4 . Fig. 5 shows the ASE spectra of the different lengths of TB-b under 793-nm wavelength excitation when the pump power is fixed at 200 mW. In the experiment, the gain medium length was varied from 0.5 to 2.5 m. As seen in the figure, the power of the broadband ASE spectrum rises drastically as the TB-b length increases from 0.5 m to the optimum length of 1.0 m. This is attributed to the additional Tm 3þ and Bi 3þ from the longer length, which can absorb more pump power and emit stronger ASE light. However, the ASE power drops as the gain medium length is further increased due to saturation effect. The unused Tm 3þ and Bi 3þ will absorb the 1880-nm ASE and reduces the output power of the ASE spectrum. It is also observed that the peak ASE wavelength is shifted to a longer wavelength as the TB-b length increases from 1.0 m to 2.5 m. This is attributed to the shorter wavelength ASE being absorbed by the unused Tm 3þ and Bi 3þ and emitted at a longer wavelength and thus shifts the peak wavelength to a longer wavelength. The TABLE 1 The doping concentration and physical characteristics of the fabricated TBF samples Fig. 4 . ASE spectra at different TBF samples at the fixed 793-nm pump power of 200 mW. inset in Fig. 5 compares the ASE spectrum obtained at two different pumping powers of 100 mW and 200 mW when TB-b is fixed at 1.0 m. It is observed that the ASE spectrum power increases with the pump power. Further increase of pump power is expected to further raise the attainable power of the ASE spectrum.
The effect of a secondary pump of 1550 nm on the performance of the ASE spectrum was also investigated. Fig. 6 shows the ASE spectrum of the TB-b with and without a secondary pump of 1550 nm when the primary pump of 793 nm is fixed at 100 mW. As seen in the figure, the ASE power is increased by more than 10 dB at 1850-nm region as the 500-mW secondary pump is injected into the gain medium. This is due to the Tm 3þ excitation to 3 F 4 level, which enhances the population inversion and thus increases the output intensity of the ASE via 3 F 4 ! 3 H 6 transition, particularly at 1850-nm region.
Conclusion
ASE generation in a newly developed TBF has been demonstrated, which operates at 1880-nm region with 793-nm pumping. The gain medium has been drawn from a preform, which has been fabricated using an MCVD and solution doping processes. The fabricated TBF has the highest Bi 3þ and Tm 3þ dopant concentrations of 0.35 wt.% and 0.9 wt.%. The TBF has been forward pumped by a 793-nm single mode laser to generate ASE peaking at À47.2 dBm with 3-dB spectral width ranging from 1817 to 1984 nm. The ASE generation is due to the transition of thulium ion from 3 F 4 to 3 H 6 and enhanced by energy transfer from Bi 3þ to Tm 3þ . The ASE can be also improved by injecting a secondary pump at 1550 nm. 
